A spin-singlet ground state with a spin gap has been discovered in antiferromagnetic spin chain substances when the spin value is 1/2, 1 or 2. To find spin gap (singlet-triplet) excitations in spin-3/2 chain substances, we performed inelastic neutron scattering and magnetization measurements on RCrGeO 5 (R = Y or Sm) powders. As expected, we observed spin gap excitations and the dispersion relation of the lowest magnetic excitations. We proved that the spin system of Cr 3+ was an antiferromagnetic alternating spin-3/2 chain. 
I. INTRODUCTION
The ground state (GS) is spin singlet in antiferromagnetic (AF) Heisenberg alternating spin chains because of large quantum fluctuation. The Hamiltonian is given as follows.
In the AF Heisenberg uniform (δ = 0) spin-1/2 chain, GS is almost an ordered state in spite of spin singlet (critical state) and is designated the gapless Tomonaga-Luttinger liquid (TLL).
A gapless GS can also appear when the spin value S is larger than 1/2. [1] [2] [3] [4] The gapless GS is regarded as TLL. A spin gap (singlet-triplet gap) opens except for gapless point(s) and a spin-singlet GS is stabilized. The spin-singlet GS can be expressed using valence-bond-solid (VBS) diagrams, as depicted in Fig. 1 . [3] Considering the range of δ in which VBS exists, the appearance of the spin gap is a common phenomenon in AF alternating spin chains.
Model substances have been found for the hatched GSs in Fig. 1 when S = 1/2, 1, and 2.
Cu(NO 3 ) 2 -2.5H 2 O, [5, 6 ] TTF-MS 4 C 4 (CF 3 ) 4 (M= Cu or Au, TTF=tetrathiafulvalene), [7, 8] and CuGeO 3 [9] [10] [11] are model substances for S = 1/2 (a).
[Ni(N, N'-bis(3-aminopropyl)propane-1, 3-diamine(µ-NO 2 )]ClO 4 (abbreviated as NTENP). [12, 13] is a model substance for S = 1 (a). Ni(C 2 H 8 N 2 ) 2 NO 2 (ClO 4 ) (abbreviated as NENP) [14] and Y 2 BaNiO 5 [15] [16] [17] are model substances for S = 1 (c).
When the spin value is larger than 1, almost no model substance exists. The only example reported in the literature is MnCl 3 (C 10 H 8 N 2 ). [18] This substance has an AF uniform spin-2 chain of which GS is shown by the diagram of S = 2 (c). The energy gap was evaluated as 0.32(8) meV and 0.14(3) meV from magnetization curves at 30 mK in the magnetic field parallel and perpendicular to chains, respectively. These gaps are consistent with a Haldane gap of 0.20 (7) meV, where the excited triplet is split by single-ion anisotropy D = 0.03 (1) meV. The temperature T dependence of magnetic susceptibility and the magnetization curve were well fitted to calculated results with J = 31.2 K and the g-value of 2.02. [19] Inelastic neutron scattering results provide microscopic evidence for the presence of the Haldane gap. [20] We comment on AF Heisenberg uniform spin chain substances AMX 3 . Here, A is K, Rb or Cs, M is 3d atom, and X is F, Cl or Br. In the uniform spin-1 chain substance CsNiCl 3 , the Haldane gap was observed in inelastic neutron scattering experiments. [21] In the uniform spin-3/2 chain substances CsVCl 3 and CsVBr 3 , low-energy broad excitations were observed at the magnetic zone center at 20 K (> T N = 13.3 K) [22] and 25 K (> T N = 20.3 K), [23] respectively, where T N is an AF transition temperature. The low-energy broad excitations were recognized as a part of the continuum just above the lowest magnetic excitations.
Therefore, the experimental results do not contradict the theoretical prediction (gapless excitations). In the uniform spin-2 chain substance CsCrCl 3 , no excitation gap was detected at the magnetic zone center at 20 K (> T N = 16 K) within the experimental errors. [24] The
Haldane gap can be estimated to be 0.2 meV and is predicted to be observable below 1.4 K.
Thus, the Haldane gap were unable to be detected in the experiments.
We can show experimentally that the appearance of the spin gap is a universal phenomenon irrespective of the spin value below 2 if we can find the spin gap in an AF alternating spin-3/2 chain substance. We have devoted attention to insulating RCrGeO 5 (R = Y or rare earth) as shown in Fig. 2 
structure, Cr
3+ spins are expected to form an alternating spin-3/2 chain. (singlet-triplet) excitations.
II. METHODS OF EXPERIMENTS AND CALCULATIONS
Crystalline powders of RCrGeO 5 (R = Y or Sm) were synthesized using a solid-statereaction method at 1,523 K in air with intermediate grindings. [25] We used an isotope 154 Sm (purity of the isotope: 99 %) for powders of INS experiments to decrease absorption of neutrons. We confirmed formation of RCrGeO 5 (R = Y or Sm) using an X-ray diffractometer (RINT-TTR III; Rigaku). We were able to obtain samples of a nearly single phase of We measured magnetizations up to H = 5 T using a superconducting quantum interference device (SQUID) magnetometer (MPMS-5S; Quantum Design). High-field magnetization measurements were conducted using an induction method with a multilayer pulsed field magnet installed at the Institute for Solid State Physics (ISSP), the University of Tokyo. We performed inelastic neutron scattering measurements using the High Resolution
Chopper (HRC) spectrometer at BL 12 in Japan Proton Accelerator Research Complex (J-PARC). [26] [27] [28] The energy resolution at the energy transfer ω = 0 meV is 3 -5 % of E i (the energy of incident neutrons). The Q resolution is better than 0.1Å −1 where Q is the magnitude of the scattering vector.
We calculated susceptibility of AF Heisenberg alternating spin-3/2 chains [Eq. (1) Qualitatively We obtained intensity maps in the k − ω plane as shown in Figs. 7(a) and 8(a) from the low T data using the conversion method developed by Tomiyasu et al. [31] The formula is given as follows.
Here, Q 1D , S pwd (Q, ω), and S The intensity is normalized to compare two data in different proton numbers.
154 SmCrGeO 5 . The value of (1 − δ)/(1 + δ) is 0.05. each line. We were unable to estimate accurately the energy resolution around 10 meV and 18 meV because of powder samples. The energy resolution around 10 meV and 18 meV is expected to be higher than that at 0 meV. Therefore, we compared the width of the peak with the energy resolution at 0 meV (horizontal bar). The width of the 10 meV peak in YCrGeO 5
is broader than the energy resolution. The 18 meV peak in 154 SmCrGeO 5 is nearly resolution second term χ CW is the Curie-Weiss term that is dominant at low T . In the two terms, we reasonably assume that the g-value is 2 for Cr emu/mol, the sum of the three terms χ cal reproduces roughly the experimental χ exp . We speculate that the negative value of χ 0 originates mainly in non-magnetic Y 2 Ge 2 O 7 . The sample used in the susceptibility measurement (2.8 % isolated spins) differs from that used in the high-field magnetization measurement (5 % isolated spins as aforementioned). We obtained a value close to 5 % from susceptibility of a sample took from the same batch used in the high-field magnetization measurement.
The experimental χ exp of SmCrGeO 5 consists of three terms χ Cr , χ Sm , and χ 0 . The first term χ Cr is susceptibility of the alternating spin chain with J = 128 K and δ = 0. 
Here, L is the total angular momentum.
The value of the Landé g factor is 2/7. Thus, the Curie constant of Sm 3+ ions is calculated as 0.0893 emu K/mol, which is slightly larger than the experimental value. The third term χ 0 is a constant term. When χ 0 = 1.6 × 10 −3 emu/mol, the sum of the three terms χ cal reproduces roughly the experimental χ exp .
Our INS and susceptibility results indicate that the dominant J(1 + δ)(≡ J 1 ) interaction is AF. In SmCrGeO 5 , the other J(1 − δ)(≡ J 2 ) interaction (12.8 K) is much smaller than the J 1 interaction (243 K), indicating that the spin system is regarded as weakly-coupled AF dimers. Therefore, even if the J 2 interaction is ferromagnetic (F), our conclusion is intrinsically unchanged. In YCrGeO 5 , we infer that the J 2 interaction must be AF. As it is natural to infer that the J 2 interaction in YCrGeO 5 is AF.
IV. CONCLUSION
We conducted inelastic neutron scattering (INS) and magnetization measurements on 
